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Abstract 


The  heats  of  hydrolysis  of  n-butyl- 
llthiuLi  and  tiriethylaltiulnitin  have  been 
measured,  using  a  Dewair-vessel  calorimeter, 
and  the  data  used  to  calculate  the  values 
AHf°(n-DuLi,  liq.)  =  31*^  -  0.7  kcal./mole, 
and  AIIf°(Et^Al,  liq.)  =  -36.5  -  5»5  kcal./ 
v3ole .  Using  a  rotating-bomb  calorimeter, 
the  heat  of  reaction  of  trime thylaluminium 
and  acetic  acid  has  been  determined.  The 
heat  of  solution  of  aluminium  triacetate 
in  hydrochloric  acid  has  also  been  obtained. 
Tliese  measurements  are  used  to  calculate 
the  values  AKf®(lIe^Al,  liq.)  *  -36. 1  ♦ 

kcal./mole  and  Allf°[ (CK^COO)^Al ,  cx^st.] 
s  -451*0  -  0.8  kcal./mole. 

The  mean  bond  dissociation  energies 
D(Li-3u)  =  54  i  9.  D(Al-Et)  »  56.3  t  4.0, 
and  D(Al-Me)  a  64.5  -  2.0  kcal./mole 
are  derived. 
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Introduction 

There  is  very  little  infomation  about  the  strength 
of  netal-carbon  bonds  in  the  organo-metallic  coapounds 

where  1'  is  one  of  the  lighter  uetals  llthluzat  beryllltmt 
or  alTjninitar.  and  R  is  an  alkyl  radical.  Tlie  /.:ean  bond 
dissociation  energy  D(ii-C)  is  an  expression  of  the  strength 
of  these  bonds  and  is  readily  calculated  from  the  relation 
“(i:-C)  =  Al!f°(R,  g.)  +  iAIIf°(h,  g.)  -  g.). 

The  object  of  the  work  carried  out  has  been  to 
detomine  heats  of  formation,  Allf ° ,  of  some  of  these 
organo-nutallic  conpoimds,  in  order  to  obtain  more 
infomation  about  the  strengths  of  motal-carbon  bonds. 

Three  compounds  have  been  s'*^  i’.l~d  in  this  investigation, 
n-butyl-lithiu";,  trio  ';hylaluniniuia  and  trine  thylaluminiun. 

Accu-rate  dotemination  of  tho  heats  of  foraation 

of  those  co;.’-pounds  is  difficult  because  of  their  liigh 

reactivity.  Tiiero  aro  few  reactions  which  are  stoi- 

cliio  letrically  -/cll-dcfincd  and  which  are  also  suitable 

for  then:iocho;'lcal  study.  Hydrolysis  under  controllod 

conditions  lir.s  been  successful  for  n-butyl-lithiun  and 

for  trine thylalijniniun,  though  less  so  for  triothylalun- 

inlun . 

I 

Tho  heats  of  nydrolysis,  at  constant  pressure,  of 
»  n-butyl-lit::l.u!>i  and  trie thylaluniniua  with  gaseous  water 

have  been  ■:oasured  using  a  Dewar-vossel  calorimeter, 
w'hlch  is  shown  diagratxiatically  on  page  27.  For  trimethyl- 
aluninixr.i,  wliich  is  considerably  more  reactivo,  this 
rothod  proved  vaisatiufactoi^y,  but  the  heat  of  reaction 
with  acetic  acid,  at  constant  voluuo  in  a  rotating-bonb 
calori;;eter ,  has  been  neasured.  This  apparatus  is 
shox-m  on  pages  28  end  29 •  of  the  products  of  tills 

reaction  is  alvtniniuu  triacetate,  and  as  tho  lieat  of 
fornation  of  this  coapotmd  was  not  avallablo,  it  was 
detentlnod  fron  neasureuont  of  Its  heat  of  solution 
in  hydrochloric  acid. 
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The  t'loriioohenioal  otudios  of  the  throe  organo- 
metallic  coupovoidot  n>butyl-lithlua«  trlethylaluoinixm 
and  trine thylalv-rilnltu-t  differ  in  a  nunber  of  ciepects*  The 
details  of  those  investigations  are  preeontodf  therefore > 
in  throe  caparato  sections  which,  follow* 

I ublications 

Parts  of  this  work  have  been*  or  are  being  published 
as  follows : 
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Tri  o  t  hv  lalrrii7ii'’x:: 

~7  ?.A.  Fowoll  anc'.  OtT.  i:ortir:or» 


The  Iruat  of  hydrolycia  of  triethyl- 
c.lu:-i:aiu-:  hao  been  ueaourod#  A  Icnotm 
of  water  vapour  was  allowed 
to  retict  witt.  a:i  excess  of  liquid 
triothylalu-'.iniuui  in  an  iootliei'nr.l 
calori  meter  at  Z^°Z»  The  ueasurod 
heat  a;.:  =  ’-13h,C;  i  2.0  hcal./rmoio, 

Is  ta?;cn  to  refer  to  the  reaction 
(CgLi^'^Ai  (lie.)  +  3:-;20  (s)  -+ 


i  .x  I  C-. 


/O 

-> 


(a-.:orph.)  +  3C2--5  (g)  • 

The  hea.t  of  forriation  Arif°[{0„r;j. )  Al,  liq.] 

^ 

"  -35.5  -  i'.5  hcal./nol:  is  calculated. 


Tric'th;f?.ahv.:mi:iiu;  •-  i.c  highly  res.ctivc  tind  riany  of  its 
reacthor.:'  are  :  ot  well  dcfrhiedi  unless  carried  out  under 
carefu.lly  controlled  conditions.  Thus,  degradative 
oxidation  (co.:bv.stion)  yroduces  a  nixturo  containing 
a  nu: ’ber  of  different  products.  In  aclditiomiy  triothyl- 
alu-miniun  is  diffiemu-t  to  purify,  00  that  the  heat  of 
coubuction,  which  "ill  bo  large,  would  be  subject  to 
a  large  absolute  error,  due  to  such  ii’piu'ities .  A 
reaction  in  which  the  products  are  .more  well  defined 
amid  %;hich  is  accormpanied  by  a  smmall  heat  change  would, 
therefore,  bo  m^ore  srAtablo. 

Cuch  ?  reaction  is  that  botv/ocn  triethyialuninium;. 
end  iodino ,  in  an  inert  solvent  at  roon  tonperature. 

Thera  is  a  quantitative  yield  of  altminiuu  triiodide 
an.d  ethyl  iodide.  however,  to  heep  a  costpara-tively 
large  voiru*.o  of  solvent,  in  which  the  iodine  is  dissolved, 
free  fron  vrater  to  avoid  a  conpoting  hydrolysis  reaction 
piroaonta  considerable  axpori:-e:mtal  difficulties. 

Hydrolysis  of  triethyl  alunlnlun  in  an  excess  of 


•:r;'ter  I'^a  tlio  cclvc,y. Saco  t!'.at  the  final  state  of  the 
al‘:n:i:"ivi'.  contQ::t  vrould  ho  ao  a:i  aqueous  solution,  which 
'70uld  ho  a  t!aor_.oc’'.o:iicr.lly  well-dofinod  state.  Ilovrever, 
hydro lysr'  c  in  osicscc  "rater  is  violent  and  a  nunber  of 
hyi'.rocax'honr;  ether  than  et!:c_no  are  produced  tinder  t!ios0 
conditions.  Since  facilities  were  not  available  to  carry 
o  :t  analysis  of  the  Ajasos  produced  this  approach  was  rejected. 

Instead,  an  attonpt  has  boon  riado  to  Pleasure  the  heat 
of  hydrolysis  •-rader  I’.ore  controlled  conditions,  by  passing 
c.  Iniown  roi:iht  of  irv.tov  vapour,  in  a  otroazi  of  nitrogen 
as  carrier  gas,  into  liquid  triethyialtmiziiun.  Zt  was 
not  possible  to  analyse  the  gasoous  products,  but  it  is 
re.:.co:'.ablc  to  ass’uie  that  tinder  Ihcse  nild  conditions, 
it  consistai  entiroi^'^  of  etliaxio.  On  tliis  assunption  it 
has  bwOn  '  ocsihlo  to  calculate  the  heat  of  formation  of 
trie  thy  lain  .iniu: . . 

3X?i;P~i3I'TAL 


Go:  •-no''.'i...io. -  ‘Tristlrdalurnnixi  Tiras  supplied  by  iir.  jS.R.A. 
Porshaw  of  Carrington  Research  Laboratory,  Fetrocheriicals 
Ltd.,  1  !a2:ch.3otor ,  U.I'.  Tlie  sauple  contained  triethyl- 
ar.u’ir.iui,  S5.t>',  diothylaluininiun  hydride  and  ethyl- 
c.lu  Iniun  dihycride ,  2.9V^,  altriiniua  triethoxide,  0.0^, 
and  tributyialiuainiw' ,  0.95j.  It  was  found  to  be  difficult 
to  purify  the  saiiple  further. 


Ca~-ori;::etor , -  Tlie  calorineter  used  to  study  tho  heat 
of  hydrolysis  of  trie tliylaluniniun  vras  a  modified  fons 
of  that  described  previously  by  Pedley,  Sld.nnor  and 
Che  mi  oh.  ^ 

Tiro  reaction  voosol  was  charged  v/itli  about  10  r.l. 
of  tricthylalux-iaitui  in  an  atuosphore  of  dry  nitrogen* 
The  ca.lorinoter  vms  assenbJed  and  allowed  to  reach 
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themal  eqiiilibriun.  A  stroara  of  dry,  oxygen-free 
nitrogen  was  passed  through  a  glass  spiral  inniersed  in 
a  bath  ther'iostattod  at  25°C,  and  was  allowed  to  bubble 
through  the  liquid  trio thylaluniniun  for  a  pre -reaction 
period.  Tho  nitrogen  streara  was  saturated  with  water 
vapoiir,  by  bubbling  through  a  'water-saturator',  a  weighed 
vessel  containing  liquid  water,  and  allowed  to  pass  into 
the  reaction  vessel  for  a  short  time.  Finally  the 
strca.t  of  dry  nitrogen  was  resuaod  for  a  post-reaction 
period,  Tho  anovint  of  water  which  reacted  was  calculated 
frou  tho  loss  of  weight  of  tho  ' wator-eaturacor '  vessel* 

It  was  found  necessary  to  corroct  this  weight  because 
having  weighed  the  vater-saturator  and  sot  up  the  apparatus 
a  suall  anount  of  water  vaporised  and  condensed  along 
f'o  walls  of  tho  nitrogen  inlut-tubo,  at  tho  point 
••/hero  it  enters  the  calorinotor .  This  water  was  normally 
swept  into  the  calori  iotor  during  tho  first  fow  ninutes 
of  tho  prc-roaction  period.  The  'vaporised  water 
correction'  was  normally  3  to  4Vj  of  tho  total  weight 
of  water  evaporated  frou  tho  water-saturator. 

A  second  correction  was  applied,  in  this  caso  to 
the  observed  teriporature  rise  of  tho  calorineter*  In 
the  process  of  correcting  the  water-saturator  to  tho 
systoiTi,  after  weighing,  a  snail  nno\mt  of  air  found 
its  way  into  tliis  nart  of  tho  apparatus.  Tho  first 
few  il.  of  nitrogen  which  passed  through  tho  water- 
saturator  displaced  this  air,  the  oxygon  content  of 
which  reacted  ir.iraodiately  with  tho  triothyl  aluninlua. 
Pollowir.g  tho  tonporaturo-ti“io  cujtvo  it  was  quite  easy 
to  distinguish  this  reaction  fron  tho  hydrolysis  which 
followed,  irriodiatoly .  Tliis  'oxygon  correction*  nomally 
reduced  the  observed  tonporature  rise  by  about 
Tlieso  two  corrections  act  in  an  opposite  sense  and 
tend  to  cancel  each  other* 

Typical  results  of  a  series  of  about  twenty  runs 
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are  ahown  in  Table  1. 

Here  AH- is  taken  to  refer  to  x*eaotlon  (l)  below* 

The  uncertainty  qtioted  la  twice  the  standard  deviation* 

The  error  Introduced  by  the  laptirltles  In  the  trlethyl- 
alur.ilnlutj  Is  uuch  less  than  the  uncertainty  we  have 
quoted  for  the  heat  of  hydrolysis. 

( 02.15 )^A1  (llq.)  +  3^2©  (g)  AICoe)^  (aaorph.) 

♦  3C2K^  (g)  *  •  *  (1) 

TA3LI2  1 


Keat  of  hydrolysis  of  trlethyl  alunlnlum 


'ft.  water  (g.’..)  -AH 

0.0106 

0.0116 

0.0212 

0.0206 

0.0240 

0.0192 


(kcal./mole  of  St^Al) 

155.9 

151.1 

162.2 
150.0 
157.  C 

152.0  I^an  AH  »  -154.8  t  2.0 

kcal./mole 


DISCUSSION 


The  heat  of  forriatlon  of  trie thylalucilni urn  can  be  calc*ilated 
fron  the  therr-iocheiilcal  relation 

AK  (hydrolysis  »  AHf®[Al(0H)5,  anorph  +  3AIif®(C2K^t  g) 

-A:-If®[(C2K5)^Al,  llq.]  -  3AHf®(H20,  g). 

The  following  heats  of  foroation  are  usedt  1^0  (g)t  -57*00 
and  (s)f  -20.24^  and  A1(0H)5  (aiaorph.),  304  t  4  kcal*/ 

;::ole  *  ’  ^  These  lead  to  the  value 

AHf°[(C2H5).^Al,  llq*]  «  -36*5  -  5*5  koal./iaole. 


A  large  part  of  the  uncertainty  attached  to  this  valvM 
Is  due  to  the  llrilta  of  error  associated  with  the  heat 
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of  forrsatlon  of  amorphous  aluiiinlum  hydroxide*  Also> 
it  may  bo  that  under  the  particular  conditionc  hydraripillitet 
Al20^.3H2®”®  (cryst.)  or  bayerite«  Al20^3I^0-/7  (oryst*) 
is  produced  in  the  reaction*  However,  this  is  of  little 
consequence*  Their  heats  of  formation  are  -615*^  “  5» 
and  -612.6  -  6  koal./nole,  or  -307*7  -  and  306*3  -  3 
kcal.  for  one  half  r.ole,  respectively*  These  values 
differ  only  slightly  fron  the  heat  of  formation  of 
a:iorphou8  alualniun  hydroxide,  and  are  well  within  the 
uncertainty  attached  to  the  figure  of  -304  -  4  koal*/mole* 

In  addition,  it  may  be  that  the  aluminium  hydroxide  formed 
in  this  reaction  is  slightly  soluble  in  the  liquid  triethyl- 
alu  liniviu. 

Taese  difficulties  might  have  been  overcome  by  measuring 
the  heat  of  solution  of  the  precipitated  aluminium  hydroxide 
in  (a)  trlethylalumixxium  and  (b)  hydrochloric  acid  solution* 

It  would  then  liave  been  possible  to  express  the  heat  of 
forciatlon  of  trie  thy  lalumdLnlum  in  terms  of  the  heat  of 
foruation  of  the  more  well-defined  state  of  an  aluminium 
chloride  solution*  However,  with  the  particular  design 
of  the  calorimeter  and  the  presence  of  unchanged  triethyl- 
aluminixin  in  the  reaction  vessel,  it  'as  not  possible 
to  extract  the  aluniniun  hydroxide  precipitate* 

Tho  mean  bond  dissociation  energy  for  the  aluminium- 
carbon  bond  in  triethyl  aluminium,  o(A1-C2K^),  oan  be 
calculated  fron  the  relationship 

D(A1-C2H5)  «  ^AHf®(Al.  g)  ♦  AHf®(C2Kjj,  g)  -  iAHf®[(C2Hj)3Al,  g] . 

For  this  calculation  to  be  made  it  is  necessary  to  derive 
a  value  for  the  lieat  of  formation  of  gaseous,  monomeric 
triethylaluuinlum  from  our  value  for  the  liquid  compound* 

Laubengayer  and  Gilliam^  have  measvtrod  the  vapour 
pressure  of  liquid  trlethylaluminiwa  over  the  range  110  - 
140®C  and  the  molecular  weii^t  of  the  vapour  over  the 
range  l40  *  200®C»  The  heat  of  vaporisatiim  at  the  mean 
temperature  of  125^0  1«  16*6  •  0*4  kcal •/mole*  At  150®C 
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triatliylalxai-lr.li^-a  aypoars  to  bo  about  12^  associated 
to  the  dii:i8r.  For  tlio  process  (llq.)  -» 

(C2:-^)^A1  (  nonov-.erf  g)  wo  estimate  the  value  AK  »  17 *5 
i  0.5  kcal./mole.  Using  our  val’ae  for  the  heat  of  forma¬ 
tion  of  liquic'  triethylalu'oiniuii  we  derive  AIif®[ (C2i-j)^Al ,  g] 
=  -19*0  -  6.0  ?<ccal ./  -ole .  Incorporating  the  values 
A:if°(Al,  75;0  kcal./g.atom;5  and  Ar:f®(C2ll5,  s)  *  25-5 

-  2  kcal./'olo;^  wa  obtain  the  value  D(Al-C2Hg)  =  ^6*8 
i  4.0  Iccr.l ./:  ;ole  . 

Tald.ng  the  values  Ai;f°[ (C2II ^)^A1 ,  aonomert  g]  =  -19 *0 

-  6.0,  and  AlIf®l.Air^,  lononer,  g]  =  13  -  10  kcal./mole,^ 
va  nay  esti  late  the  heats  of  foir-iation  of  the  co.ipovinds 


)2Air-I  and  Cgl-’^Al"^  fron  the  hypothetical  reactions  r 
♦  ^AlH^  -►  ( 02:15  )2A1:-:,  and 


^(C2-S)3A1  ♦  §^1-3 


C2"''5A1"~"2 


If  wo  assu''ie  tliat  for  these  gas-phase  reactions  the  Ah 
values  aro  zero,  {i.o.  that  bond  energies  are  constant 
fron  o.-.u  nolocule  to  another)  then  wo  calculate  the  heats 
of  fornatior  A:-f°[  (C2:^5)2Ai:':»  nonoaer,  g]  =  -7  -  7  and 
Ar’f°[C2i:^Alll2 1  nononor,  g]  =  +6  -  0  kcal./mole.  It  is 
difficult  to  osti'iate  acctirntoly  the  heats  of  association 
in  the  gas  uliaso,  and  the  latent  heat  of  vaporisation, 
lowevor,  using  a  figure  of  17 *5  kcal./uole,  for  the  sum 
of  these  two  quantities  (the  sa^to  as  for  triethylaluninliaa) 
the  heats  of  formation  of  the  liquid  compounds  will  be 
-24.5  “  7  -11.5  “  3  kcal./nole»  respectively. 

Using  these •  and  other  heats  of  formation  quoted 
previously,  the  heats  of  the  following  hydrolysis  reactions 
T'-ay  bo  calculated. 

(c«h-)5Ai:'I  +  iiko  -»  Ai(o:i)-  ♦  +  2.5x1, 

^  .  .147.5  kcll./mole 

-♦  ai(oh)5  ♦  Cgi-g  ♦  3.5H2 

AH  ■  -139.3  koal./mole. 


C2K5Ai:;:2  ♦  3::20 
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A  2*95^  Inpurlty  of  dlethylalumlnlum  hydrldo  and  ethyl- 
alunlniuri  dihydrlde  in  trlethylalumlnlun  (for  which  wa 
have  a  heat  of  hydrolysis  of  4H  s  ~  2,0  kcal*/ciole) 

would  probably  introduce  an  error  of  not  laore  than  0.5 
kcal./r-iole  in  the  heat  of  hydxs>ly8i8.  Likewiee  the 
error  introduced  by  0.8^  aluninitita  ethoxide  cuid  0*9^ 
tributylaluniniun  will  be  s'liiall.  These  errors  are  well 
within  oiir  experimental  uncertainty  of  -  2.0  koal./mole 
and  are,  therefore,  neglected* 
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Triple  thvlalunlnltx"! 

3y  C.T.  Mortimer  and  P./.  Sellers* 

The  heat  of  reaction  between  llqiild 
tri'iothylaliuiinlum  and  acetic  acid  in 
toluene  solution  to  give  alumlnlvua  tri¬ 
acetate  £ind  '^ethane  has  boon  measured* 

TIio  heat  of  reaction  between  aluminium 
triacetate  and  aqueous  4*36M-hydrochloric 
acid  has  been  measured*  Those  data 
have  been  used  to  calculate  tho  heats  of 
formation  of  liquid  trine  thy  lalxasilnlum, 

Allf®  =  -36*1  -  1.6  kcal./mole  and 
crystalline  alumlnluij  triacetate* 
d::f°  =  -451*8  -  0.8  kcal./nole.  The 
':oan  bond  dissociation  energy  D(Al-ilo)  » 

64.5  -  2.0  kcal./nole  is  calculated. 

Accurate  dv>tcmiination  of  tho  heats  of  formation  of 

trialky lalu  m.niu.1  compounds  Is  difficult  because  of  their 

high  reactivity*  Tliero  are  few  reactions  of  these  con- 

pounds  which  are  stoichlouetrlcally  well-defined  and  which 

are  also  suitable  for  theruocheislcal  study.  Long  euxd 

Norrlsh^  measured  the  heat  of  conbustlon  of  trlmothylalunlnlu.J 

using  a  static-bomb  caloriJotor.  However*  degradatlve 

oxidation  tuider  those  conditions  Is  not  well  defined* 

T!ic  difficulties  which  are  encountered  In  determining 

the  heats  of  combustion  of  organo-uotalllo  compounds  have 

2 

been  reviewed  by  Good  and  Scott*  It  seemed  likely  that 
neasurenent  of  the  heat  of  a  reaction  which  was  less 
violent  and  more  woll-deflnod  than  degradatlve  oxidation 
'''ight  provide  a  'loro  precise  value  for  the  heat  of  forma¬ 
tion  of  tri'iethylalu-d.nlum* 

According  to  Vhlncup*^  a  30^  solution  of  glacial 
acetic  acid  In  toluene*  at  -30^*  provides  a  reagent  for 
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the  llboratlon  of  the  methyl  groups  of  trlaethylaluminlvim 
cs  mothanoy  with  little  tendency  to  form  unsaturated 
hydrocarbons.  The  low  temperature  of  -5O**  was  unsuitable 
for  our  thermochealcal  study*  and  the  reaction  was  oarxled 
out  at  25° •  The  heat  of  this  reaction*  dH^*  has  been 
measured*  using  a  rota ting- bomb  calorimeter t 

(CH^)^Al(llq. )  +  3C1-:^C00K( toluene  soln.)  -* 

(CK^C00)^Al(cry8t.)  ♦  3CH^(g)  .  •  (l) 

The  heat  of  formation  of  alumlnluQ  triacetate  was  not 
available*  and  to  provide  data  from  which  It  might  be 
calculated*  the  heat  of  solution  of  this  compound  In 
4 .36M-hydrochlorlc  acid  was  measvirodi 

(CH^COO)^Al(cryst.)  +  3l3ri(U,36il^:-Xl  soln.)  -► 

A1C1^(4.36::-HC1  soln.)  +  3C::^COOH(4.36i.-HCl  soln.)  .  (2 

A  Dewar-vessol  calorimeter  was  used  to  measure  the  heat  of 
this  reaction. 


SXPERIi3NTAL 


Compounds Trlmcthylalumlnlum  was  supplied  In  steol 
containers  by  the  Carrington  Research  laboratory  of  Petro¬ 
chemicals  Ltd.  It  had  been  analysed  by  gaslouetrlc  methods* 
based  on  the  liberation  of  the  alkyl  groups  as  methane  * 
developed  In  that  Laboratory.  The  trimethylalumlnlum  was 
99*5^  pure.  It  was  fotmd  difficult  to  purify  further 

by  fractional  distillation.  Aluminium  triacetate  was 
e 

prepared  from  alunlnlvtm  chloride  and  acetic  aold.  It 
''/as  analysed  for  aluilniun  oolorlmetzically  as  oxlnate. 

Found!  Al*  13.69/j>  calc.  13*21^. 

Units .-  Heat  quantities  are  given  In  units  of  the  thermo- 
ohenleal  calorie,  1  cal.  s  4.1840  abs.  J. 
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RotatiiiJr-bonb  Calorlnetry*-  Tho  reaction  between  triuethyl- 
nlutinitr:  and  acetic  acid  was  carried  out  in  a  rotating- 
bo:!b  calori  ‘oteri  which  was  designed  and  constructed  by 
'Oi'.  G.  Gun.ner  at  the  University  of  Lund,  Sweden.  The 
bo  ;':)  ■'/as  of  stainless  steel  and  was  platinun  lined*  It 
had  a  capacity  of  261  -il.  ?Iie  borab  was  hold  on  two  point 
bearings  at  its  ton  and  bottou  in  a  jaw,  which  was  rotated 
oy  noans  of  a  synclironous  ;.:otor.  A  ;;iitred  cog  at  the  centre 
of  tliic  Jut;  engaged  a  set  of  aitred  teeth  round  tho  niddle 
of  the  bo-ib.  As  the  jaw  and  bonb  rotated  end  over  end, 
this  nitred  gear  provided  a  rotation  about  the  point  bear¬ 
ings  supporting  thu  bonb  in  the  Jaw. 

Ce  ’pernture  noas’orcner.ta  were  nado  by  aeasuring  the 
change  in  resistance,  dR,  of  a  platinu;:.  resistance  tliermoraeter. 
Tile  fmdanental  interval  of  this  therao.r.oter  was  9 *3047  ohns 
betweo"  0°  and.  100°, 


TIio  enorg^'^  equivalent  of  tlio  caloriuetor,  3  ,  was 

6  ® 

deteminod  according  to  tho  nethod  of  Froson,  by  coubustion 
of  a  sanplo  of  benzoic  acid  (B.h.Ii,  Thormochenical  Standard, 
batch  .no.  76OI6I),  having  =  6319*  1  ~  0,7  cal./g, 

standard  deviation,  ^3  =  io.Ol^/o.  The  bonb  was  charged 
v/ith  1  Ill.  of  water  and  with  oxygen  at  an  initial  pressure 


of  30  at  :. 


Jacli  sanplo  was  fired  at  25  *  The  co^nbustions 


were  initiated  by  a  platinun  wiro  and  cotton  fuse.  The 
energy  equivalent  of  the  uncharged  bo-ib,  at  25° »  was  cal- 
C’alated  using  specific  lioat  data  given  by  Hubbard,  Scott 


and  Uaddington. 


=  69744.6  cal./ohn.  83  =  2o.03f-. 


Tho  heats  evolved  in  ancillary  processes  wero  taken  to 
have  the  values  quoted  previously.^ 

Trl;-:ethylaluniniix.i  was  distilled  into  thin,  weighed 
glass  phials  wliich  wore  placed  in  a  pilatinuu  crucible  in 
tho  bonb.  Tlie  boub  was  charged  with  glacial  aoetio  aold 
{5  ul.)  in  dry  toluene  (18*5  ‘Jl*)*  A  snail  quantity  of 
acetic  ai.ihydride  (l*5  nl.)  was  also  added  to  ensure  the 
absenoo  of  freo  vrater  in  the  solution*  Tho  bomb  was 
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flushed  out  with  dry,  oxygon-froo  nitrogen  at  atmospheric 
urossure.  '■fhon  the  bomb  was  rotated  the  glass  phial  of 
tri'ia thylalu jiniui  fell  out  of  the  crucible,  was  broken, 
ai’.r!  reaction  occurred.  The  heat  change  which  accompanied 
this  reaction  was  noasured. 

The  -<jasoous  reaction  products  wore  analysed  by  gas- 
phase  chromatography.  A  silica-gel  column  was  used  for 
the  separation  of  methane  and  hydrogen,  and  a  combination 
of  two  colu  ms ,  of  dimethyl  sulpholano  and  of  dinonyl 
phthalate  for  the  higher  hydrocarbons.  The  only  gaseous 
products  detected  woro  methane,  hydrogen,  and  a  hydrocarbon, 

*  which  was  identified  as  isobutene  using  a  glyool/silver 
nitrate  column.  These  analyses  woro  carried  out  by  the 
Carrington  .’Research  Laboratory.  The  amounts  of  methane, 
hydrogen  and  isobutene  are  shown  in  Table  1,  as  ^  v/v  of 
the  total  gaseous  products  of  reaction. 

Tao  heat  correction,  q(C|i^Ilg),  for  the  hydrogenation 
of  isobutene  to  notliane,  i.e., 

calculated  from  the  heats  of  formation  of  the  gaseous 

coiipounds ;  isobutene,  -4,04;  emd  methane,  -17*089  kcal./ 

9 

:iolo.  In  three  experiments  there  was  slightly  more 
hydrogen,  and  in  two  oxporirients  less  hydrogen  than  the 
quantity  required  for  this  hydrogenation.  The  cause  of 
this  is  uncertain  and  no  heat  correction  has  been  made  to 
allow  for  the  excess,  or  deficiency  of  hydrogen. 

The  bomb  was  opened  in  a  dry-box  and  the  gelatinous 
solid  separated  from  the  toluene  solution.  An  X-ray 
powder  photograph  of  this  compound  was  identical  with  that 
of  aluulniixm  triacetate.  The  compound  was  quickly  hydrolysed 
to  a  white,  finely  divided  powder  on  exposure  to  the  atmos¬ 
phere  .  An  X-ray  powder  photograph  of  this  compound  was 
the  same  as  that  of  aluinlnlum  dlacetate  hydrate,  Al(OH)(CH^COO)|^i^O 

The  infra-rod  absorption  spectrum  of  the  white  solid  showed  peaks 
at  1600  and  35^0  cn**^,  indicating  the  presence  of  acetate 
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10 

groups  ai'd  of  wator  of  oryetallizatlon*  A  siloro-analysls 
v/as  carried  outi  Found:  C,  26*18;  I'lf  Calc*  for 

A1{0H)  (CII^COO)^  *112®  ‘  26*67;  H,  5»00'a*«  On  tills  evidence 

it  './as  concluded  that  aliviinluri  triacetate  was  produced 
in  the  bo^ib  reaction* 

No  trace  of  carbon  was  found  in  the  exporinonts  for 
'./liJ.ch  reiiults  are  reported  hero*  Attc’;:pts  were  nade  to 
increase  the  accuracy  of  the  thoriaochoriical  neasurenents 
by  increasing  the  quantities  of  trine thylalurainiun ,  acetic 
acid  a;>.d  toluene.  In  those  exporinents  largo  anounts  of 
carbon  and  unsaturated  hydrocarbons  wore  produced* 

The  heat  of  solution  of  ne thane  in  toluene  solution 
was  :easured  by  breaking  phials  of  25  'll*  of  toluene 
solution  into  an  atnosphere  of  rao thane  in  the  boub*  The 
heat  change  was  negligible.  T!:e  heat  of  solution  of 
alir-inlu':  triacetate  v/as  found  to  be  negligible* 

The  results  of  the  exporirjonts  arc  shown  in  Table  1* 

Tile  decrease  in  Internal  energy  of  the  oyston,  -AU,  due 
t  .)  the  i’eaction  of  one  iiolo  of  trine thylaluniniua  in  its 
standard  state,  at  25°*  is  given  by 

-AU  =  10"'^[^(3^  ♦  3^)AR  ♦  q(C^HQ)] 

'v/hore  3  is  the  o:'.orgy  voquivalent  of  the  contents  of  the 
c 

bo;ub  after  the  reaction,  calculated  by  using  the  following 
specific  heat  values:  toluene,  0*404;  acetic  aold,  0*480; 
ace  ti c  anhydride ,  0*434;  no  thane ,  0*530;  and  ni trogen , 

0,243  cal*/dog*/g*  at  25°*  The  standard  heat  of  reaction, 
Arlj^,  is  derived  using  the  relation  -Alij^  =  -AU  -  AnHT, 
whore  An  is  the  nvmbcr  of  noloo  of  gas  produced  in  the 
rcactlo;.*  The  overall  xincertainty  interval  associated 
with  the  value  of  Ali^  is  twice  the  standard  deviation,  28* 

Dowar-vosool  Caloriuotry*"  The  heats  of  solution  were 

<::oastired  in  caloriaetors  which  have  boon  desezdbed  else- 
n  l4 

where*  The  heats  of  solution  of  alurjlnlua  triacetate 
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Table  1 


Keat  of  reaction  of  trlisethylaltunlziltim  72*07 


Experiment 

1 

2 

3 

4 

5 

•rt.  ;'e^Al  (g) 

AR  (ohiii) 

0.4819 

0.5801 

0.6609 

0.6435 

0.662c 

0.01193 

0.01411 

0.01590 

0.01526 

0.0158 

CK|^(/<^/v) 

98.7 

91.9 

97.8 

97.4 

83.5 

C^Hq  (5^  v/v) 

0.0 

1.4 

1.9 

2.2 

2.9 

*  2 

1.3 

6.7 

0.3 

0.4 

13.6 

q(C^HQ)  (cal.) 

0.0 

23.0 

33.4 

37.8 

55.6 

(cal./ohn) 

115.6 

115.4 

112.3 

112.5 

112.3 

-AU  (kcal./nole) 

124.5 

125.2 

124.6 

123.5 

126.2 

i!ean  -AU  =  124.3  kcal./nolo  (standard  deviation  of  mean 
*0,kk  kcal  ./Mole  ) .  sAU  =  -C.35/^»  s  =  -0.35/®» 

AnRT  =  1.79  kcal./aolo. 

=  123.0  1  0.9  kcal./nole. 

and  acetic  acid  in  hydrochloric  acid  were  measuired  in  a 
spherical,  silvered  Deweur  vessel  (capacity  1  litre)  with  a 
long  neck.  For  the  solution  of  acetic  acid  in  toluene, 
a  smaller  cylindrical,  silvered  Dewar  vessel  (capacity  ^00  ml.) 
was  used*  Both  vessels  were  immersed  in  a  thermostat 
bath  at  23° »  Temperature  measurements  were  made  from  the 
resistance  change  of  a  themistor  element*  The  calorimeter 
was  calibrated  electrically  by  the  substitution  method,  to 
an  acciiracy  of  -  0,20^. 

Results  of  the  moasurooont  of  the  heat  of  solution  of 
alumlnlui  triacetate  in  4*36l:I-hydrochlorlc  acid,  AH2,  to 
yield  the  products  in  solution  are  shown  in  Table  2.  The 
heat  of  solution  of  acetic  acid  in  4.36H-hydroohlozio  acid, 
to  give  solutions  of  the  same  concentration  of  aootio  noid 
as  those  produced  when  altixnlnium  triacetate  was  dissolved. 
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tar,  boon  r^oosuro-,  a.  .  .0.12  i  C.OX  koal./ioolo. 

T>o  hoat  of  solution  of  acotic  acid  In  a  solution  of  acetic 
aiihydrido  in  toiucno  t  to  glvo  solutions  of  tho  sano  concen¬ 
tration  at’  those  in  which  tho  roaction  of  trlae  thylalumlnlua 
occurred,  has  boon  uuaourod  as  *  •f0«21  -  0«04  kcal^/ 

nolo*  Tho  uncurtain tios  associated  with  thoso  values  of 
An  are  twice  tho  overall  standard  deviations* 

Table  2 


neat  of  solution  of  aluninlvu:!  triacetate  204.10 


SnPGri  '.ont  1 

rt.  (CH^COO)^Al(g)  0.7214 
- AHg  ( kcal . /  .c  lo  )  22.06 


2 

0.4730 

23.13 


3 

0.4301 

22.97 


4  5 

0.8441  0.9670 

22.34  22.66 


iioan  “Ailg  =  22.63 


+ 


0.42  kcal./aole. 


DISCUSSION 


The  heat  of  formation  of  crystalline  aluciinluci  triace¬ 
tate  cai-  be  ca.lculatod  fron  tho  thornochoalcal  relation 

AHg  =  A::f-(A1C1^,  4.36i:-;:ci  soln.)  -  3AI£f‘^(5Cl,  k,j6K  soln.) 

+  3A:if^(CH^C00H,  4.36ii-:n  soln.)  -  AI':f°[(c:i  COO)  Al,  cryst.]. 

IS'  * 

Coughlin  has  ncasiirod  tho  difference  in  heats  of  foraatlon 

A:if°(AlCl.j,  4.36i:-:3Cl  soln.)  -  34;if°(:iCl,  4.36M  soln.)  « 

-127.05  i  0.12  kcal. /nolo.  Tho  value  AHf°(CH^C00r:,  4.36M-nCl  soln.) 

=  -115. 3  t  0,1  Ixal./r-:olo  raay  bo  calculated  frou  AHf^(CK»C00K,  llq.) 

♦  16 

as  -115. ■7  -  0,1  kca.l./nolo,  and  our  neasurod  hoat  of  solution 
^'^soln  ~  “0*12  -  0.01  kcal./uiolo.  Using  thoso  hoats  of 
foiTiatlon  tho  value  is  derived  AHf®[(Ci3^COO)^Al,  cryst*]  « 

-451.0  -  O.D  kcal*/i;olo.  This  can  be  used  to  dotonnino  the 
heat  of  fornation  of  liquid  trice  thylalisninlun  froa  the 
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reletlon  =  A::f®[(CH^COO)^Al,  cryat.]  +  3AHf®(CH^,  g.) 

-  3A;-:f°(c:!_C00:?:,  toluono  soln.)  -  A:if[(CI"  )_A1,  llq.]. 

J  \  9 

TIig  following  hoata  of  foniation  aro  then  used:  CK^(g.),^ 

-17»C29;  Cj‘^CC01l( toluene  soln.),  -115«5  “  0.1,  calculated 

from  the  heat  of  foraation  of  liquid  acetic  acid  given 

previously  and  our  noasurod  heat  of  solution,  = 

+0.21  i  C.Oi;  hcal./iuolo.  The  heat  of  foniation  is  then 
calculated  AZ-If°[ )^A1 ,  llq«]  =  -  1.6  kcal./nole. 

T-iic  ria^*^  bo  co^ipared  with  a  value  of  -2C.9  ~  3*0  derived  froii 


the  data  jivon  by  Long  and  ilorrich. 

At  25°,  gaseous  triiuothylaluuiniua  consists  of  dimeric 
-'.oleci’les ■  The  latent  heat  of  vaporisation  of  liquid 
trine  thylnlvj-inivuu  over  the  range  23°  -  70°  was  measured  by 
Laubongayor  and  Gillian  as  9*6  Iccal./nole  of  diner.  Recently, 
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J  cCul lough  "'.as  obtained  a  more  reliable  value  of  10.01  -  O.O5 
kcal./nole  of  'incr,  at  25° •  The  heat  of  dissociation  of 

IG 

the  gaseous  di. '.ei'  to  two  iiolcculoe  of  nonomor  has  been  given 
as  20,2  heal, /nolo  of  dir.er,  honce,  for  the  process 

(c;i_)„Al(liq,)  (Ch  )  Al(g.,  non  oner)  ve  liave  tho  value 

J  J  J  .* 

A!'  =  15.1  heal  ./nole ,  Incorporating  this  with  our  value  for 
tile  heat  of  fortiatioii  of  liquid  trine  thylaluninlum  leads  to  the 
value  Aijf®[ (Ch^ )^A1 ,  g, ,  aononorj  =  -21,0  i  2.0  kcal./nole. 

bond  dissociation  energy  D(Al-iio)  for  the 
aluniniun-carbon  bonds  uay  bo  derived  fron  the  relation 
D(Al-i:e)  =  A.hf°(c:-;^,  g.)  +  A;hr°(Al,  g.)  -  AHf°[(CH^)^Al,  g., 

nononcr]  •  TalcLng  our  value  for  tho  heat  of  fomation  of 
gaseous  trine tkylalu:.iiniu-'.  and  the  heats  of  formation  1 
Cl.,,(g.),  32.5  -  1  kcal ./nolc^^  and  Al(g.),  75*0  kcal ./g.-aton,^^ 
we  obtain  the  value  .)(-l-lIe)  =  64.5  -  2.0  kcal./nolo. 
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Illuetratlor.a 


TIiu  two  caloririotoro ,  whicli  havo  boon  usod  in  those 
invostigatior-i.! ,  arc  illustrated  on  the  folloxiring  pages. 

TIr.o  caloriactor  used  for  aor.suring  the  heats  of  hydrolysis 
of  n-butj'^l-litliiuri  ard  trio thylaliuainiun  is  shoi-m  in  tile 
first  fir.jran.  Dry  nitrogen  enters  the  reaction  vessel,  P, 
oithor  directly,  or  via  the  water  saturator,  G.  The 
reaction  vessel  is  iunorsed  in  v;ator  contained  in  a  Dewar 
vessel,  C,  -diich  fits  tightly  into  a  copper  can,  3.  This 
can  if,;  provided  with  a  flanged  lid.  A,  The  water  is  stirred 
by  the  propeller,  3,  and  touporature  laeasuronients  are  nade 
by  the  themistor  olonent,  (net  shown)  which  lies  behind  the 
electrical  calibration  heater,  D» 

The  second  Illustration  shows  the  rotating-boub  calori- 
netor,  usod  for  the  worh  on  triuo thylaluniniun,  ”exploded" 
into  its  ..:aln  cov’.ponents .  Tlie  bonb  and  rotating  nechania".  A, 
are  supported  fron  the  lid  of  a  calorinotcr  can,  B,  wliich  is 
filled  with  viator.  This  water  is  stirred  by  the  propeller, 

C.  Tl^o  asEjr.iblcd  can  hangs  inside  a  notal  cavity  which  is 
of  the  sane  shr.  e,  but  slightly  larger  than  tho  can,  so 
that  an  air  gap  separates  the  can  and.  cavity  walls.  'Ih.e 
cavity  is  subnerged  in  a  tank,  D,  of  water  wliich  is  themo- 
s tatted  ai.d  circulated  by  a  pvtap,  3,  round  the  outside  of 
the  cavity  and  through  the  lid,  P.  Tlio  calorinetor  can  is, 
therefore,  surrounded  by  an  isotliemal  jacket.  Teaperature 
cliangeo  in  the  can  are  noasurod  by  tho  platinum  resistance 
therno:::etor ,  not  shown  in  tho  figure. 

Tlio  third  illustration  shows  in  greater  detail  tho 
rotating  nechanisia,  supported  on  a  stand  for  demonstration 
purposes.  Tlio  bonb  is  hold  on  two  point  bearings  at  its 
top  and  bottoii  in  a  jaw,  which  is  rotated  by  a  synchronous 
rioter,  G.  A  litred  cog,  II,  at  tho  contro  of  this  jaw 
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a!igo.,;eE  t\  cot  of  idLtrod  toetli  rovaid  the  -tiddle  of  the  bcab. 

Ao  the  jt.7/  c:v:.c.  bo’-:j  rotate  end  ovor  e:id,  this  nltred  gear 
provides  a  rotation  about  tho  point  bearings  supporting  the 
bo:.'>  in  t!:.j  jai;.  Other  features  shovm  include  the  uotor,  J, 
vT-u.  cn  dm ve  c  ti.  :c  propeller,  C,  used  to  stir  the  water  in 
tho  calori:-:o tor  ceu'. ;  and  also  the  v/iring,  L,  which  carries 
electric  current  to  initiate  the  combustion. 


CALORIMETER  FOR  MEASURING  HEATS  OF  HYDROLYSIS 
(WITH  WATER  VAPOUR,  AT  25*C) 


Aflaogelid;  B  copper  can;  C  Dewar  vcsael ;  D  heater; 
E  atirrer;  P  Pym  reactioa  vettel;  G  water  container. 


ROTATING-BOMB  CALORIMETER  FOR  MEASURING 


HEATS  OF  COMBUSTION. 


A  bomb  held  In  rotation  mechanism;  B  calorimeter  can: 
C  propeller  stirrer;  D  tank;  E  pump;  F  lid. 


ROTATION  MECHANISM  OF  ROTATING-BOMB  CALORIMETER 
(SUPPORTED  ON  A  STAND  FOR  DEMONSTRATION  PURPOSES) 


C  propeller  stirrer;  G  motor  driving  rotation  mechanism; 
H  mitred  cog;  L  wiring  carrying  electrical  firing  current. 
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Concluoiona 


TIzq  :ajor  conclusion  wliich  nay  bo  dravm  fron  this 
-'•rorlc  is  t^.at  reaction  caloriaetry,  especially  in  a  closed 
c/sto.:,  is  a  suitable  netliod  for  doteriiining  the  heats 
of  feruatiou  oi*  highly  reactive  organo-aetallic  conpounds. 

hore  particularly,  the  use  of  the  rotating-bonb 
calorinoter  -;ight  bo  entonded  to  studies  of  the  heats  of 
hydrolysis  of  such  conpoimds  as  cthyl-lithiuLi,  diothyl- 
alvrtiniu".  hydride,  or  ever,  to  the  alkyl  altminitin  halides, 
such  as  die thylalursLniu”  chloride  or  othylaluainiun  dichloride. 

3ibli ogrcuhy 


T"  j  rofsrencos  portinont  to  the  tliroe  investigations 
are  listed  as  follows  s 

n-butyl-lithiu:i . .  pago  6  (overloaf 

tricthylaluainia  . . .  "13 

trine  thylal’uniniun  .........  "  23  • 

Gvribols 


Tliose  are  defined  in  the  relevant  parts  of  the  text 


